Density functional calculations and ab initio calculations have been carried out to study the lowest energy structure of the water (H 2 O) 11 . Among five structures suggested by four different groups, the lowest energy structure is found to have the skeletal structure of Prism56 (Pr56-24) that a cyclic pentamer and a cyclic hexamer are fused into a prism-shape with 16 hydrogen-bonds (HBs).
Introduction
Small water clusters (H 2 O) n have been extensively studied with tremendous experimental 1,2 and theoretical 3-15 efforts in the recent past. Studies of structures and energetics of water clusters are of importance for understanding various phenomena such as hydration by cations, 16 anions, 17 electrons, 18 and organic/bio-molecules 19 as well as various types of hydrogen bonding. 20 Theoretically, at the early stage of low-level ab initio calculations there were a few studies of the dimer and cyclic water trimer.
3, 4 The study of various low-lying energy conformers for water clusters (H 2 O) [4] [5] [6] [7] [8] was first reported using simulated annealing Monte Carlo method employing various ab initio derived two-body to four-body interaction potentials and ab initio methods. 5 These predicted minimum energy structures have been found to be in excellent agreement with the experimental findings.
2 Owing to the nature of several isoenergetic conformers of the water hexamer and heptamer responsible for the facile structural changes between two dimensional and three dimensional structures, these conformers have been extensively investigated. 6 Very recently, structures of the water dimer to dodecamer based on extensive ab initio calculations have been reported. 7, 8 In the case of the undecamer, five global minimum energy structures have been reported by four different groups (Figure 1) . 8, [13] [14] [15] These conformers have different skeletal structures. Since the five structures are different, it is of importance to find the true lowest energy structure.
As for the empirical studies of (H2O)11, Niesse and Mayne, 13 on the basis of TIP3P potential, reported that the lowest energy conformer of (H2O)11 is Pr56-134, a Prism56 skeletal shape fused by cyclic hexamer and pentamer. Wales and Hodges 14 reported that the lowest energy structures based on the TIP4P potential is a Prism56B structure (which will be defined in our terminology as a fused structure with a pentagonal pentamer and an open-book-shape hexamer) and new lowest-energy conformer Pr56-13 on the TIP3P potential. Sadlej reported another structure (Prism55+1) using HarteeFock calculations with 6-31G* basis set. 15 On the other hand, Kim and coworkers reported that the lowest energy structure is Pr56-24 based on various levels of theoretical methods. 8 However, there was no direct comparison between Pr56-24 and Pr55+1. Furthermore, Sobolewski and Domcke in their study of the water undecamer use Sadlej's structure as the lowest energy conformer.
15 Therefore, the structure of (H 2 O) 11, 12 is controversial.
Since no direct comparison of the five structures based on reliable ab initio energetics has been made yet, here we compare six structures including Prism443 structure, using the density functional theory (DFT) calculations and Møller-Plesset second order perturbation (MP2) calculations.
Calculation Methods
To locate the low-lying energy structures of neutral water undecamer, we employed the Becke-3 parameters exchange and Lee-Yang-Parr correlation functionals (B3LYP) method by geometry optimization. The 6-311++G**(sp) basis set with 5d components was used, where diffuse sp basis function for heavy oxygen atoms was added. These B3LYP calculation methods have been widely used to predict the vibrational frequencies and thermodynamic quantities as well as binding energies of many and various aqueous clusters. [6] [7] [8] [9] [16] [17] [18] [19] [20] The B3LYP-predicted vibrational frequencies of water clusters have been especially studied and effectively compared with the experimental outputs. The single point MP2 calculations with the same basis set were done to find a more accurate comparison.
Results and Discussion
Six structures of W11 are shown in Figure 1 . Nomenclature of Prism conformers is noted in reference 8. Clusters with skeletons of Prism56-ij (Pr56-ij), Prism56 B (Pr56 B ), Prism55 +1 (Pr55+1) and Prism443 (Pr443) have 16, 17, 17 and 18 HBs, respectively. These skeletons have different HB-interaction frameworks. The binding energies and geometrical parameters are listed in Table 1 . It should be noted that the lowest-energy conformer is Prism56-24 which was predicted by Lee et al. 8 The skeletal shape of Pr56-ij is known to have 20 conformers depending on their H atom orientations. 8 Since the H atoms tend to be less clustered (with dangling H atoms separated), the lowest energy conformer was predicted to be Prism56-24. This is in good agreement in the results in Table  1 . Skeletal shapes of Prism56 B and Prism443 are slightly higher in energy than the lowest energy conformer of Prism56-24. Pr56B and Pr443 conformers have more HBs than Pr56-24 as listed in Table 1 , but they should have considerable angular strains. A second lowest energy skeletal structure is Prism56B where a cyclic pentamer and an open-book hexamer are fused into a prism-shape. Prism56 conformers are stable among undecamers in Table 1 , and the next stable conformers are Pr55+1 and Pr56B, which are isoenergetic. Prism443 conformer is the least stable among the four different types of skeletons or among the given six conformers.
The Prism56-24'' structure (with same HB helicities for pentagonal and hexagonal rings), which is topologically the same with the most stable W11:Prism56-24 structure (with opposite HB helicities), is nearly isoenergetic to it (within 0.09 kcal/mol in ∆E e and ∆E 0). 8 These helicities have been discussed in the relative stabilies of other aqueous clusters; neutral water octamer (D2d and S4), water decamer (Prism55 and Prism55''), 7 dodecamer (Prism444 and Prism444'', Prism66 and Prism66''), 8 electron-bound water octamer (Cd and Cd'') 18j , and so on. Table 1 is related to the characteristic feature representing condensed neutral water in each water molecule is coordinated by four water molecules, resulting in almost all "ddaa: type water molecules in aqueous and solid pahses. Pr55+1, Pr56 B and Pr443 have two, two and three "ddaa"-type water molecules, respectively.
Conclusion
Based on the B3LYP/6-311++G**(sp) and MP2//B3LYP/ 6-311++G**(sp) calculations, the lowest energy conformer of the undecamer is Prism56-24 (a fused structure by cyclic water pentamer and hexamer), followed by Prism56-24''. Thus, this clearly demonstrates that the structures reported by three groups [13] [14] [15] are not the lowest energy structure. This information would be very critical when the energy of the neural undecamer is compared with that of the ionized or electron-bound water undecamer. Among the clusters with the same and opposite HB helicities, the latter tends to be slightly more stable. Among the nearly isoenergetic conformers with the same skeleton of Prism56, dangling H atoms tend to be separated as much as possible, and so the structure with less clustered dangling H atoms tend to be more stable. The second low energy skeleton is Prism56B. The important factors for stabilities of water undecamer are more effective and less-strained HB interactions, less clustered dangling H atoms, opposite HB helicities in the same fused frames. Binding energies are in kcal/mol, distances in Å, angles in degree, and dipole moment (µ) in debye (D). #HB is the number of H-bond interactions and #ddaa is the number of "ddaa"-type (double proton donor and double acceptor) water molecules. A, B and C are rotational constants (in GHz).
